Raman spectra of liquid nitromethane were measured in single-shock experiments using transient Raman scattering system with high sensitivity. The measurement system was combined with a two-stage light gas gun to interrogate the vibrational mode-dependent behaviors of shock-compressed nitromethane molecules. Up to 12 GPa, all Raman peaks were able to be clearly detected, and showed the shock-induced shifting and broadening, but no signs of chemical changes occurred in the sample. Thus, it is concluded that chemical reactions could not be initiated in singly-shocked nitromethane below 12 GPa.
I. INTRODUCTION
The shock-induced reaction stages in energetic materials at high temperatures and high pressures have long been a significative issue of considerable interest in the field of chemistry and material science. When subjected to the shock loading, energetic materials such as the explosives commonly undergo a fast and highly exothermic chemical reaction process accompanied with the formation of gaseous products [1] . At present, reaserchers have been devoting themselves to examine which chemical bond of energetic molecules firstly loses its structural stability in early reaction stages, and what type of the reaction mechanism occurs in the initial stages of the reactions when energetic materials experience extreme conditions under shock compression. Unfortunately, these basic questions remain largely unknown up to now. Therefore, a deep understanding of the reaction mechanisms for energetic materials under extreme shock conditions is of considerable importance, and it is also one of the fundamental problems in detonation science. However, the measurements of detonation processes in solid explosives under extreme shock-compressed conditions are quite complicated and difficult [2] . Thus, it is reasonably inevitable to choose a model material for detailed analysis on shock-induced reactions at the molecular level. Nitromethane (CH 3 NO 2 ) is often selected as a prototypical energetic material in studies of many complex explosives containing nitro groups, because (i) it is a liquid high explosive, which can avoid the complexities associated with solid materials; (ii) it is the simplest nitro-organic explosives; (iii) it has the nature of vari-able sensitivity in the presence of amines [3] [4] [5] .
In shock wave experiments, in situ Raman spectroscopy is often used to monitor the kinetic responses of molecular materials under shock loading conditions. For the shock-compressed CH 3 NO 2 sample, some significant results on the reactions have been proposed [6] [7] [8] [9] [10] [11] [12] [13] [14] . Under the stepwise shock loading, the substantial reactions in neat CH 3 NO 2 were speculated to take place at about 17 GPa using time-resolved Raman spectroscopy technique, and a decomposition mechanism of the bimolecular reaction was proposed [6] . This bimolecular mechanism was also favoured in static high pressure experiments [15] and theoretical studies of molecular dynamics simulations [16, 17] . In single shock experiments, however so far, the direct evidence on the reaction of molecular dissociation of CH 3 NO 2 has not been found, except that the strong background emissions were found below 8.5 GPa [10] [11] [12] [13] [14] . The strong background emission is popularly thought of an indirect evidence that the reactions in CH 3 NO 2 occurred under compression, because the appearance of strong and featureless background was likely caused by emission from opaque or semitransparent reaction produces. Even more remarkable, there exist some different arguments on the onset of reactions in singly shocked CH 3 NO 2 . In particular, Renlund et al. suggested the initiation of chemical reactions at ∼6 GPa by in situ Raman measurement [10] . But Von Holle and Moore et al. respectively suggested that the reactions occurred above 7 GPa from time-resolved infrared radiometry measurement [11] , and above 7.6 GPa by in situ CARS measurement [12] . In addition, Delpuech et al. reported all Raman bands for CH 3 NO 2 disappeared at 8.5 GPa but the initiation of chemical reactions was uncertain due to lack of the data between 5 and 8.5 GPa [14] . Based on these experimental studies mentioned above, one can reasonably draw conclusions that the reaction threshold pressure of shock-induced CH 3 NO 2 molecules still remains indeterminate. Thus, it is necessary to perform additional single-shock experiments for solving those arguments on shock-induced reactions in neat CH 3 NO 2 .
In this work, we focus on the examination of vibrational mode-dependent behavior of singly shockcompressed liquid CH 3 NO 2 using a new Raman spectroscopic system with high sensitivity. The information on the shock-induced reactions are provided by interrogating the vibrational spectra of molecular materials under shock compression. The changes in Raman bands (e.g., frequency shift, band shape, spectral intensity, and so on) can reflect the detailed information on molecular changes, molecular interactions, the breaking of chemical bonds, and some new species.
II. EXPERIMENTS
The sample was neat liquid CH 3 NO 2 in our experiments, and it was considered to remain in the liquid state under single shock compression. Shock pressure was determined using the impedance-matching method with the measured projectile velocity and the initial density of the sample. Hugoniot equation of CH 3 NO 2 under shock conditions (Hugoniot equation relates the thermodynamic quantities of shocked state to those of initial state) was determined by the linear relation: U s =1.65+1.64U p , where U s and U p denote the shock velocity and the particle velocity in unit of km/s. The schematic of the experimental setup in this work was very similar to that in previous work on shocked liquid benzene under shock compression [18, 19] , but with a significant improvement that an input optical fiber, instead of previous mirrors, was used to irradiate the laser into the central part of the sample in a direction perpendicular to the rear surface of the target. The experimental configuration consisted of four main systems: a target assembly, the Nd:YAG laser source (532 nm, 10 ns), the spectrograph, and the time delay units. Other detailed descriptions could be found in the report of shocked benzene [19] . Here a brief description of our experiments is given.
Shock wave was generated when a projectile impacted an aluminum base plate (2 mm thick) in front of the target. The projectile with an aluminum flyer (24 mm diameter, 4 mm thick) was accelerated by a two-stage light-gas gun. The shock wave went through the base plate and the silica front window (2 mm thick), and then into the CH 3 NO 2 sample (3 mm thick). As soon as the shock wave arrived at the detected part of the sample which was located by assembling the target, the output of single-pulsed laser was Q-switch triggered from the laser system and irradiated into this specific region via an input optical fiber. The scattered light from the detected region of the sample was collected at an angle of 45
• with reference to the incident direction of laser, and coupled into a spectrometer via an output optical fiber.
The Raman signal output from the spectrometer was amplified and recorded by a gated intensified chargecoupled device (ICCD) detector system. The spectral resolution of the detector system was about 10 cm −1 . In the shock experiments, only the scattered light to be collected came mostly from the shock-compressed region of the sample. For this, it is the most important step to keep the synchronization between the laser pulse and the detection system, because it controlled the output time of the laser pulse to ensure that detected scattered light was from the shock-compressed region of the sample. The synchronization method used here was similar to that described by Knudson et al. [20] . However, an improvement have been made in our experiments that the shock-induced emission from the interface between base plate and the silica front window, was converted to an electric signal to trigger Q-switch and ICCD, instead of the previous electric pin. The synchronization requirement of two trigger signals was ensured by the time delay unit. The Raman spectrum of shock-compressed CH 3 NO 2 was measured during period of single shock compression.
III. RESULTS AND DISCUSSION
The measured Raman spectra of liquid CH 3 NO 2 at ambient conditions and from the shock experiment at 8 GPa are shown in Fig.1 . At ambient conditions, only symmetric stretching modes are typically selected for detailed examination, i.e., the CN stretching band (917 cm −1 ), the NO 2 symmetric stretching mode overlapped with the CH 3 symmetric bending mode (NO 2 /CH 3 , ∼1400 cm −1 ), and the CH 3 stretching band (2968 cm −1 ). This is due to the fact that the three bands are relatively strong and apparently separated from each other. In general, the vibration frequency of a stretching mode shifts to higher energy with the increase of shock pressure. As seen in Fig.1 , all Raman modes are shifted towards higher frequency under shock compression. This is because that the bond lengths of molecules are inherently reduced with increasing pressure and their effective force constants become usually larger at the new equilibrium position than those at the original equilibrium position [21] . Moreover, the magnitude of the pressure-induced shifting relies on vibration modes. In particular, the NO 2 /CH 3 mode shows significantly smaller blue shift than other modes due to the effect of increased intermolecular interactions under compression [9] . In contrast to the behavior of the NO 2 /CH 3 mode, the CN and CH 3 modes exhibit larger shifting. However, the CH 3 mode appears to show larger shifting than the CN mode. This indicates that the CH 3 mode may be more affected by shock compression due to the low mass of the hydrogen atoms and the position of these atoms on the periphery of the CH 3 NO 2 molecule [6] . Thus, it is plausible that the CH 3 mode is the most sensitive to increased intermolecular inter- actions under high shock compression. It is also seen in Fig.1 that all Raman bands show broadening. This is likely caused by the increased intermolecular interactions and the temperature increase due to hot bands.
In addition to the frequency shift and the band broadening, the Raman peaks also show intensity changes in Fig.1 . The intensities of the CN and CH 3 stretching modes decrease under this conditions but that of the NO 2 /CH 3 mode (the NO 2 stretching mode is main) is oppositely enhanced. It is worth noting here that the NO 2 /CH 3 enhancement is mainly due to the contribution of the NO 2 mode because the CH 3 symmetric bending mode is much less sensitive to intermolecular interactions than the NO 2 stretching mode [6] . The NO 2 /CH 3 enhancement may be likely caused by a resonance Raman effect. This result was also observed in previous reports and was discussed in terms of a resonance Raman effect [6, 7] . Under the shock-wave compression, the band edge of the n-π * absorption band of CH 3 NO 2 molecules shows a substantial shift to longer wavelengths. This band edge red-shifting may cause a small amount of absorption at the 532 nm laser line, which could result in the resonance of the absorption band in CH 3 NO 2 molecules and the exciting irradiation. Since the enhancement in the Raman peak observed here is not large, the band edge itself would not have to be very close to the laser line to account for the effect. Thus, it is reasonable that the NO 2 /CH 3 enhancement here is due to a resonance Raman effect. In CH 3 NO 2 molecules, the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are both localized on the NO 2 group [22] . It means that the NO 2 group is the chromophore for the HOMO-LUMO (n-π * ) transition. Since only vibrational modes of the chromophore which couple to the absorption band will be resonantly enhanced [23] , the CN and CH 3 modes would not be expected to show significant enhancement. The fact that the CN and CH 3 modes are not enhanced also supports the explanation of the the NO 2 /CH 3 enhancement.
What is more interesting, it is to see that all Ra- man peaks were clearly visible at 8 GPa. Although changes in Raman shift, peak width, and intensity were observed, no chemical changes occurred under this condition because all Raman bands were clearly distinguished. It should be noted here that in most cases the initiation of shock-induced reactions is indicated by the appearance of a strong and featureless background signally attributed to emission from opaque or semitransparent reaction products, the disappearance of vibrational bands, and the appearance of new bands. Renlund et al. proposed chemical reactions in CH 3 NO 2 occurred at 6.8 GPa due to extensive band broadening [10] . However, the clear Raman bands were detected at the higher pressure of 8 GPa than 6.8 GPa in our experiments. Thus, the results obtained here show a strong evidence that the shock-induced reactions in liquid CH 3 NO 2 would not occur below 8 GPa. Figure 2 shows Raman spectra of liquid CH 3 NO 2 singly shocked up to 12 GPa. The Raman bands were still clearly observed, and they were expected to exhibit significant shifting and broadening at this shock pressure. It demonstrates that no chemical reactions occurred in the shock-compressed CH 3 NO 2 sample at this pressure, although the Raman bands showed clear changes in the intensity, width, and frequency shift. Thus, the spectral data detected here provide a cogent evidence that the initiation of chemical reactions do not occur in shocked CH 3 NO 2 up to 12 GPa. This shock pressure is considerably quite higher than previously reported upper limit pressures at which all Raman spectra disappeared, and it is near to the Chapman-Jouguet detonation pressure of liquid CH 3 NO 2 . The C-J detonation pressure and temperature of CH 3 NO 2 were respectively reported at about 13 GPa and 2000 K [24] . Moreover, this result is also indirectly supported by the Hugoniot data of shocked CH 3 NO 2 , because the Hugoniot of CH 3 NO 2 shocked up to about 10 GPa was represented by a linear line, which reveals there is no chemical reaction occurred in the sample at this pressure [25] . The results in this work demonstrate the shockinduced chemical reactions do not occur at the shock pressure between 6 and 8.5 GPa, and it solves those disputes about chemical reactions occurring in singlyshocked liquid CH 3 NO 2 . Figure 3 shows the shocked-to-ambient ratio of the full-width at half-maximum (FWHM) for the CN and CH 3 stretching modes as a function of shock pressure. The data for the NO 2 /CH 3 mode were not plotted because it is not quite straightforward for the overlapped peaks to respectively show the dynamic pressure response of the NO 2 mode and the CH 3 bending mode. The broadening occurring in both the CN and CH 3 bands was likely caused by the temperature increase due to hot bands [13] , and increased intermolecular interaction [6] . The increase in the FWHM for the CH 3 bands was significantly larger than that for the CN stretching mode. This was likely due to the fact that the CH 3 bands are more affected by shock compression than the CN bands. Because of the low mass of hydrogen atoms and the relatively weak bond between C and H atoms, the CH 3 mode may be more sensitive to increased intermolecular interaction under shock compression [6] . Increased intermolecular interaction can cause faster relaxation time, which would further contribute to the broadening of the Raman peaks [26] . The formation of the hydrogen bonding can also produce a substantial amount of broadening in vibrational modes involving the proton donor [27] . Therefore, it is plausible for the CH 3 mode involved in a hydrogen bond (C−H−O) that the large broadening in this mode may be due to the effect of the hydrogen bonding generated under shock compression, as is discussed in previous reports [6, 28, 29] .
In Fig.4 , Raman frequency shifts of the CN and CH 3 stretching modes of shocked CH 3 NO 2 in this work are plotted versus shock pressures, compared with the earlier data [7, 12] . The data for the NO 2 /CH 3 bands are not plotted because the peak position of this overlapped bands is not straightforward. The data reported by Moore et al. [12] were obtained in singleshock experiments, and those reported by Pangilinan et al. [7] were obtained in multiple-shock experiments. It is known from the figure that the frequency shift data of the CN and CH 3 stretching modes in this work show the monotonic increase trend towards higher vibrational frequency with increasing pressure. As noted above, these blue shifts result from the effect of both the changes of the bond lengths and the effective force constants of NM molecules under shock compression. The shift of the CH 3 stretching mode appears to be somewhat larger than that of the CN stretching mode, when compared with each other at the same pressure. This may be explained as a result that the CH 3 stretching mode is more sensitive to pressure than the CN stretching mode. Thus, this larger sensitivity of the CH 3 stretching mode to pressure leads to the result that its frequency shifts are larger than those of the CN stretching mode at the same temperature. In Fig.4(a) , it is shown that vibrational frequencies of the CN modes shift with increasing pressures. The data of the shifting for the CN stretching mode in this work show a linear increase trend with increasing pressures, which is in accord with the results from other studies shown in the figure. The shifts of the CN stretching mode in this work is in good agreement with those Moore et al. reported [12] , and these data show a linear increase trend with shock pressures as a whole. Thus, the work at shock pressures between 8 and 12 GPa can be thought as the continuation of the earlier studies below 8 GPa performed by Moore et al. [12] . It is DOI:10.1063/1674-0068/29/cjcp1503037 c ⃝2016 Chinese Physical Society also known in the figure that the shifting data of the CN stretching mode reported by Pangilinan et al. under multiple shock compression [7] are somewhat larger than that obtained in this work at the same pressure. It is well known that the temperance is much higher in single-shock experiments than in multiple-shock experiments when up to the same pressure, and the vibrational mode always shifts towards lower vibrational frequency with increasing temperature. It means that the vibrational mode under higher temperature condition should show smaller shifting when up to the same pressure. Hence, the magnitude of the shift for vibrational mode under multiple-shock conditions is generally larger than that under single-shock conditions. The similar result is also shown in Fig.4(b) where it is shown that vibrational frequencies of the CH 3 modes shift with increasing pressures. The shifting data of the CH 3 stretching mode under multiple shock compression [7] are larger than that obtained in this work at the same pressure due to the difference of temperance in CH 3 NO 2 under the two different loading conditions. The results about the shifting of vibrational modes noted above demonstrate the pressure response of molecular changes in liquid CH 3 NO 2 is temperature dependent under shock conditions. The magnitude of blue shift in vibrational bands results from the combined effects of high temperature and pressure, and a subtle balance between shock temperature and pressure might be causing unexpected behaviors of molecular stretching modes, as is shown in multiply shocked liquid benzene [26, 30] . Moreover, in the theory of the steady-state detonation [31] as well as molecular dynamics simulation [32] , it is observed that the thermal decomposition rate of liquid CH 3 NO 2 accelerates obviously with the increase of pressure, and that its decomposition reaction has the obvious dependency on shock pressures. Therefore, we propose that molecular changes in shocked CH 3 NO 2 may be determined by the common effects of high pressure and temperature under shock conditions.
IV. CONCLUSION
Raman spectroscopy technique with high sensitivity has been successfully applied to investigate the dynamic responses of liquid CH 3 NO 2 in this work for solving the arguments on the onset of reactions in shocked CH 3 NO 2 . To our knowledge, this work is the first attempt to obtain the vibrational spectra of liquid CH 3 NO 2 at the high pressure of 12 GPa under single-shock compression. The results in this work show the detailed and comprehensive insights into molecular changes in the CH 3 NO 2 sample, and it also provide a strong evidence that the shock-induced reactions in liquid CH 3 NO 2 could not be initiated below 12 GPa, which solves those arguments on chemical reactions of singly-shocked CH 3 NO 2 in earlier studies [10] [11] [12] [13] [14] . According to the theory of the steady-state detonation, the ignition shock pressure of dissociation of CH 3 NO 2 molecules should be higher than its C-J detonation pressure [31] . Thus, it is reasonable that the shock-induced reactions in CH 3 NO 2 would not occur below 12 GPa. The results in this work also show the CH 3 stretching mode is more easily affected than the CN stretching mode under single-shock compression. To progress in the understanding of molecular mechanisms governing shock-induced chemical decomposition in liquid CH 3 NO 2 , it would be desirable and essential to be able to detect vibrational spectra of transient state and of reaction products at above 12 GPa. Hence, more experiments should be performed in the next work for obtaining information on chemical reactions in singly shocked liquid CH 3 NO 2 . Currently, we are trying to measure Raman spectra of liquid CH 3 NO 2 above 12 GPa in single-shock experiments by suppressing the background light as possible as we can. 
